Introduction
phaseoli chlamydospore germination in arti-
The exogenous carbon and nitrogen require-ficially infested soil. Information of this type has ments for fungus spore germination in axenic enabled workers to understand better what culture relative to the capacity of the soil solu-factors in soil limit or promote spore germination to support spore germination was examined tion soi1 fungi (2, 10, 11, 12, 13, 18, 21) . by G r i~n (9) , ~i~ (7) and K~ and ~~~k~~~d At present it is not known how the exogenous (16) also investigated the relationship of spore and nitrogen requirements for nutrition in vitro conditions to spore germination in axenic culture relate to similar germination in soil systems. Cook and Schroth requirements for spore germination under (4) examined the exogenous carbon and nitro-natural conditions in soil, plant rhizosphere, or gen requirements for F~~~~~~ solani f. rhizoplane. Techniques are not presently available that will allow spore germination investiga-'Received October 16, 1972. tions to be undertaken at the l~w -~r o~a~l e idea may be obtained by the use of modified soil systems. This investigation was undertaken to examine this question for chlamydospore germination by a peanut-fruit-colonizing clone of Fusarium solani. Germinabilitv tests and observations on aged chlamydospores were also made.
Materials and Methods
The clone of F. solarzi (Mart.) Appel & Wr. emend. Snyd. & Hans. used was isolated from peanut (Arachis I~ypogaea L.) in Virginia by K. H. Garren (Tidewater Research Station, Holland, Virginia) and has been used before (11) . The fungus was grown on potato-dextrose agar slants (1% glucose) at 27"-30°C in room light. Conidia were harvested from 16-or 17-day-old slants with a sterile basal inorganic salts solution (B solution) of the following composition: 0.01 M sodium phosphate, 0.05% KCI, and 0.05% MgS04.7H,0 (pH 5.7). B solution and all nutrient solutions were prepared with doubly distilled water, and chemicals were reagent grade. Ethanol was redistilled and sterilized by Millipore filtration (pore size = 0.45 pm, Millipore Corp., Bedford, Mass.). Other carbon sources were autoclaved separately from B solution and combined after they were autoclaved. Glassware was cleaned in chromic acid solution for at least 12 h before thorough washing and rinsing with distilled water. This was followed by an additional rinse in doubly distilled water.
The soil used was a nonsterile, nonamended loamy fine sand collected at Holland, Virginia; it had a pH of 5.7, at &atm contained 12% water, and contained 6.2 pg NH4+-N and 7.1 pg NO,--N per gram soil. The soil was collected and stored moist (10-12% water) at 10°C in plastic bags with two pinholes for gas exchange, and was placed at 27"30°C for 48 h before use. The sand used was soaked in chromic acid cleaning solution for at leas 24 h. This was followed by stirring and rinsing it in ! 2 changes of distilled water (1 volume sand : 2 volumes distilled water) and one change of doubly distilled water before it was autoclaved and used. In some experiments, separate sand samples were treated with hot concentrated HCI instead of chromic acid. The sand had a ilv atm percentage of less than 1%.
Conidial suspensions in B solution were washed three times by centrifugation with 45-1111 portions of B solution in sterile capped centrifuge tubes for 20 min at 1300 rpm (rotor radius = 8 cm). Conidial densities were approximately standardized with a Spectronic "20" colorimeter (Bausch & Lomb Corp., Rochester, N.Y.) at 400 nm. The determination of the density of conidia was made by 12 hemacytometer counts on a conidial suspension with a density near 1 x lo5 conidia/ml. The final density of conidial suspension was adjusted to contain 1 . OO + 0.07 x lo4 conidia/ml.
Chlamydospores were formed in still culture at 1 x lo4 conidia/ml (referred to as LD chlarnydospores) in 9-cm flat-bottom glass Petri dishes after exogenous carbon-independent macroconidial germination in B solution (11) . Petri dishes contained 10 ml of conidial suspension and were incubated in a humidified incubator at 30°C for 5 to 7 days. After this time 80-95% of the macroconidia had germinated to form single chlamydospores terminally on usually short germ tubes. Almost all of the cytoplasm of the parent macroconidia and germ tubes condensed into the mostly one-celled chlamydospores during their formation. (These are important features for performing chlarnydospore germination studies and, for this reason, are pointed out here. At lower conidial densities, for example, germ tubes in B solution alone are longer and cytoplasmic condensation is not as complete. Small sections of germ tubes may contain cytoplasm, and when they are adjacent to the chlamydospore, the origin of the germ tube is often difficult to determine. Germ tubes develop more readily from these hyphal sections than from chlamydospores. A high percentage conversion of macroconidia to chlamydospores is required as chlamydospore germination is suppressed in tests by the presence of Iarge percentages of macroconidia germinating simultaneously in plates.)
The chlamydospores formed by this F. solani clone stuck to glass surfaces of Petri dishes as a result of an adhesive property of the spore surface. After chlamydospore formation, the B solution in the plate could be gently poured off with no loss of chlarnydospores from the bottom of the plates. In axenic culture studies, 10 ml of B solution alone or B solution containing exogenous carbon and nitrogen sources was then added to the plates. For plates containing soil, 0.5 ml of the appropriate nutrient solution was first spread over the bottom of the plates and then 33 g of soil (12% water) was placed in the plates and compacted against the chlamydospores in the bottom of the plate. When sterile acid-washed sand was used, 30 g of dry autoclaved sand was added in a similar manner along with an additional 3.0 ml of sterile B solution. "No sand or soil" treatments received the 0.5 ml of the appropriate sterile nutrient solution plus 3.0 ml of sterile B solution. After 1611 of incubation at 30°C, chlamydospore germination was stopped by autoclaving dishes. The soil, sand, and water were carefully removed from dishes with forceps or by pouring them and the chlarnydospores in dishes were stained with acid fuchsin in lactophenol. Microscopic observations of germination were made in all plates at both x 313 and x 1125. All experiments were performed at least twice.
Results

Exogenous Carbon and Nitrogen Tlzresl~old for
Chlamydospore Germination Several carbon sources were examined to estimate the amount of exogenous carbon needed to support low chlamydospore germination in axenic culture (Table 1) . At 1 x lo4 spores/ml ethanol supported low germination at 0.004 ng C/spore (0.4 mg C/plate) but not at 0.0004 ng C/spore or lower. The amounts of carbon and nitrogen sources supplied per spore were computed from the spore density and the amounts of these substrates were added to each plate. In contrast, glucose, xylose, galactose, fructose, and cellobiose supported low germination at 0.04 ng C/spore, but no germination was ob- served at 0.004 ng Clspore for these sugars. Chlamydospore germination in mannose was not observed until 0.4 ng Clspore was supplied. In a separate test with most of these carbon substrates, addition of exogenous nitrogen as NH4Cl had little or no effect on germination.
When the exogenous carbon threshold for low germination of chlamydospores in contact with soil was examined, considerably more exogenous carbon per spore was required than in axenic culture ( Table 2) . No germination was observed when exogenous carbon was supplied at 0.2 ng Clspore or lower; low germination was observed at 2.0 ng Clspore. Typically, chlamydospore germination in the presence of glucose plus NH4CI was similar to or slightly higher than germination in the presence of glucose alone at this level.
Exogenous Carbon and Nitrogen Requirements for High Germination of Chlarnydospores in
Axenic Culture Increased amounts of carbon sources supported higher degrees of chlamydospore germination in axenic culture. This may be seen for glucose at 1 x lo4 sporeslml in Table 3 . However, increasing the amounts of both glucose and NH4Cl supplied per spore had a greater effect on percentage of chlamydospore germination than increasing the amount of glucose alone. Chlamydospore germination was complete at the 4.0 ng C plus 0.26 ng Nlspore level, but not in glucose alone at the same level. Complete germination was also observed at 2.0 ng C plus 0.13 ng Nlspore (data in next section). Increasing the amount of ethanol alone per spore increased germination more than increasing glucose alone; for the former, germination was complete (98.5% after 16 h) at 4.0 ng Clspore.
In the above experiments at 1 x lo4 sporeslml in glucose alone, partial germination was observed. Previous findings obtained with chlamydospores formed at high conidial density (3 x 10' conidialml) indicated that spore density may affect the nitrogen requirement for spore germination (12) . When the spore density was varied here, quantitative and qualitative changes in the nutritional requirements for germination were observed. The spore density was controlled by varying the volume (30 ml or less as macro-axenic culture control at all levels of glucose plus conidial germination and chlamydospore forma-NH4Cl, while germination was nearly complete tion was suppressed by larger volumes) of coni-in glucose alone only at the highest level. The dial suspension (1 x lo4 conidia/ml) used to latter contrasts with the lower degrees of germiprepare chlamydospore plates; after chlamydo-nation reported above in glucose alone. In spore formation at 5 days, the final volume of axenic culture, germination was similar in all nutrient solution was adjusted the same for all treatments when the additional 3.0 ml of B plates in the test. When glucose alone was supplied at a constant concentration, 57 pg C/ml, spore density had a marked effect on percentage of chlamydospore germination. For example, at 9 x lo3 spores/ml (6.3 ng C/spore) chlamydospore germination was complete (99.5%) after 16 h, while low germination (20.5%) was observed at 9 x lo4 spores/ml (0.63 ng C/spore). In a constant carbon or carbon plus nitrogen/ spore test, chlamydospore germination at 1 x lo4 spores/ml in glucose alone at 5.0 ng C/spore was high (85.0%); however, at 1 x lo5 spores/ml and 5.0 ng C/spore, no germination was observed in glucose alone. Chlamydospore germination at the two densities in glucose plus NH4CI, supplied at 5.0 ng C plus 0.33 ng N/spore, was complete (99.5%) and nearly complete (91.0%), respectively. Thus, when the amounts of exogenous carbon and nitrogen supplied per spore were held constant in axenic culture, exogenous nitrogen was more essential to germination as the spore density was increased.
Exogenous Carbon and Nitrogen Requirements for High Germination of Cfzlamydospores in
Contact with Soil
Increasing the amounts of glucose or glucose plus NH4Cl per spore above the threshold amounts for chlamydospores in contact with soil resulted in greater degrees of germination (Table 4) . However, increasing the amounts of both glucose and NH4Cl resulted in a greater increase in percentage of chlalnydospore germination than increasing the amount of glucose alone. Nearly complete chlamydospore germination was observed at the highest level of glucose plus NH4CI examined, whereas high germination was observed in glucose alone. Percentage of chlalnydospore germination in the axenic culture control (no sand or soil) was typically much greater at the three nutrient levels than for chlamydospores in contact with soil. Only at the highest level of glucose plus NH4CI was percentage of germination similar in both systems. Chlamydospore germination was complete in the solution was not added and only the thin aqueous film formed by the 0.5 ml of solution was present.
To determine if sterile acid-washed sand had any effect on percentage of chlamydospore germination, comparable amounts of sterile sand and water (as B solution) were added to chlamydospore plates in place of soil. In all experiments, percentage of chlamydospore germination in glucose alone was greater in the presence of sand than in the absence of sand (Table 4) . This was observed also in other tests when hot HCl was used to wash the sand in place of chromic acid. The effect was most pronounced at the lowest level of glucose tested, since germination was already high in the absence of sand at the other levels of glucose. In glucose plus NH4CI chlamydospore germination was high throughout and few or no differences in percentage of germination were observed. When a similar experiment was performed with autoclaved loamy fine sand soil, germination was complete in all treatments including those receiving no glucose or NH4CI.
In soil, sand, and control (no sand or soil) treatments, microscopic observations indicated chlamydospore germ-tube lengths increased greatly as the concentrations of glucose plus NH4CI increased, and increased slightly for increasing concentrations of glucose alone in soil. Germ-tube lengths also increased when NH,Cl was added to the control system with all nlucose levels. and to soil and sand with the u highest glucose level. Germ tubes were always shorter in the soil system coinpared with the control for glucose plus NH4CI, but not for glucose alone. In some instances, they were considerably shorter in the control system containing glucose alone. In one experiment for example, based on a measurement of 50 germ tube; each, mean germ-tube lengths in the control with glucose alone (20 ng C/spore) and glucose plus NH4CI similar (156.0 and 141.1 pm, respectively) for and occasional long thin, mostly floating hyphae the same nutrient levels. Mineral soil nitrogen were present. These hyphae appeared to originate may have supported hyphal growth in the glucose from a few macroconidium germ-tube sections alone treatment once the germination process containing cytoplasm. Discontinuous portions had been initiated. Germ-tube lengths in sand of the new hyphae contained cytoplasm, and were greater than in the control for all levels of occasionally chlamydospores were formed termiglucose alone, but the mechanism of this stimu-nally on branches of these hyphae. Lysis or lation is not clear. degradation of the walls of the parent macro-
Germinability of Aged Chlanzydospores
Chlamydospores of f~isaria may survive in soil for considerable periods. However, the germinability and exogenous carbon and nitrogen requirements of chlamydospores may change with time. To examine the latter for axenically formed chlamydospores, plates incubated at 30°C and prepared 165,375, and 377 days earlier at 1 x lo4 sporeslml in B solution were treated with glucose (40 ng C/spore) plus NH4Cl (2.6 ng Nlspore), and incubated for 16 h at 30°C. Based on counts of 800 chlamydospores in single plates, percentage of chlamydospore germination was 100, 99.9, and 99.9%, respectively, while no germination was observed in B solution alone. 1n-all cases, germ tubes were long with frequent branching after this time interval.
Previous to conducting the above tests, microscopic observations were made in separate plates on morphology of the fungus in B solution. Observations made at 5 months and later indicated an apparent regrowth or cryptic growth (6) had occurred. Microconidia were more numerous than originally present at 5 to 20 days, conidia and short germ tubes devoid of cytoplasm was not apparent. The cytoplasm of chlamydospores was dense and granular, and as indicated, nearly all were readily germinable. Thus, evidence for regrowth was little, and this behavior of the fungus resembles somewhat the growth of Fusarium spp. recently reported in inorganic media by Qureshi and Page (19) and Mirocha and DeVay (17) . Some growth due to fungus density changes in inorganic media (1 l), or to trace organic matter contamination from air, or when the volumes of the cultures were readjusted (6 to 7 times) with sterile doubly glass-distilled water cannot be completely ruled out.
Discussion
Chlamydospore germination by F. solani in axenic culture was initiated by low levels of carbon sources, particularly by ethanol. This coinpound has been shown to be an excellent carbon and energy source for F. solani f. sp. phaseoli macroconidial germination (2, 3) and also for macroconidial germination by the clone of F. solani used here (1 1). As has been observed for macroconidia, the exogenous carbon requirement for chlamydospore germination by this fungus is dependent on spore density (12) . The exogenous carbon requirement values obtained here for low germination were for spore densities at which the LD chlamydospores were formed.
Whether the widespread inhibition of spore germination by most fungi in unamended soils, or soil fungistasis, is due to nutritional factors, inhibitory substances, or both has been the subject of considerable controversy in the literature. Research by this worker (9) and others (7, 16) attempted to examine the role of carbon and nitrogen nutrition. More recently Griffin (1 1) demonstrated that the macroconidium gerrnination -chlamydospore formation process that occurs in soil by fusaria can be mimicked in axenic culture for F. solani, and was dependent on both the absence (or depletion) of exogenous organic carbon and conidial density (possibly autoinhibitors). These findings have been useful, although not conclusive, in defining the precise role of exogenous carbon nutrition in spore germination in soil environments. The approach used here attempts to examine the relation of the exogenous carbon and nitrogen requirements for spore germination in axenic culture to the requirements for spores in direct contact with soil. For chlamydospore germination by F. solani, exogenous organic carboil requirements for low and complete germination were much greater for spores in contact with soil. This indicates that more than the axenic germination requirements are involved in the nutrition of spore germination in the rhizosphere. The results reported here are the first quantitative estimates of how altered the exogenous carbon and nitrogen requirements for fungus spore germination in the rhizosphere may be.
Possible fungistatic substances and nutrient immobilization may be responsible in part for the greater exogenous carbon and nitrogen requirements for chlamydospore germination in soil than in axenic culture. Hora and Baker (15) have demonstrated the presence of volatile inhibitors of spore germination in several soils. Griffin (9) found exogenous nutrient (nitrogen) immobilization by microbes in soil can reduce spore germination, and KO and Lockwood (16) proposed microbial nutrient sinks function in soil against spores. Cook and Schroth (4) used antibiotics and soil dilution with water to decrease bacterial competition and production of inhibitors in soil; these treatments increased chlamydospore germination by F. solarzi f. sp. phaseoli.
A significant part of the increased exogenous organic carbon requirement for germination of chlamydospores in contact with soil may result from placement of the carbon and nitrogen sources and chlamydospores in a plane in the present experimental design. A steep concentration gradient may exist initially and diffusion of the glucose (and to a lesser extent NH,' because of cation exchange reactions) away from this plane would occur. This would be augmented by concurrent uptake and use of glucose by soil microbes. A depletion of the exogenous carbon source from the plane may result. For the highest level of glucose used, diffusion could lead to a potential mean soil concentration of 0.16% glucose (although this is not probable) on the basis of the amount of soil used. A similar condition may also occur in the rhizoplane or peanut geocarpoplane (8) for fusaria, as carbon and nitrogen substrates in exudates originate at, and chlamydospores germinate near (10, 20) , the surface of the plant. Whereas the carbon source is applied at one point in time in the experimental design used here, exudation is a more continuous process. When exogenous carbon and nitrogen sources are distributed more uniformly throughout soil containing spores (4, 5, lo), depletion of the exogenous carbon source from the spore locus may not be as rapid since a similar steep concentration gradient would not be present. The data obtained by Benson and Baker (1) on the rate of glucose utilization in model rhizosphere studies suggest a similar conclusion. KO and Lockwood (16) considered diffusion of nutrients through Millipore filters was a factor affecting spore germination on filters placed on soil. When sterile acid-washed sand was used in axenic culture, dilution of the glucose present would occur in the locus of the chlamydospore, but all of the substrate should be available to the f~~ngus.
Supplemental exogenous nitrogen (NH,CI) was required for complete chlamydospore germination in this soil system containing 6.2 pg NH,+-N and 7.1 pg NO,--N per grain soil, but had only a small effect at exogenous carbon levels that supported low percentage germina-tion. Cook and Schroth (4) demonstrated chlamydospores of F. solani f. sp. phaseoli required exogenous nitrogen for high percentage of germination in a non-sterile soil heavily infested with the fungus. In both axenic culture and the soil system, increasing the amounts of glucose plus NH4Cl supplied per spore increased percentage of germination more than increasing the amount of glucose alone. Exogenous nitrogen influenced chlamydospore germination in axenic culture more as the spore density increased, as has been observed before (12) . Similar findings have been reported also for Aspergillusflavus in axenic culture (18) . NH4Cl was supplied in this study in a constant ratio to the amount of exogenous carbon supplied, and in amounts that should be sufficient for catabolism and assimilation of the carbon source. This fungus colonizes peanut fruits in soil, and exudation of amino compounds from peanut fruits and pegs, together with soil NH4+ plus NO,-, are potential nitrogen sources for chlamydospore germination by the fungus in nature. Exudation of glucose and several other sugars by development of peanut fruits has been found by Hale and Shay (14) and analysis of other exudate components is in progress.
The complete germinability observed for chlamydospores after 1 year suggests that the fungus may survive long periods of exogenous dormancy. This finding contrasts with the decreased germinability of chlamydosporic macroconidia of F. roseunz 'Sambucinum' after 9 months incubation at 25OC in the absence of exogenous carbon (13) . It is possible that a depletion of endogenous reserves may eventually result in a change in the exogenous carbon and nitrogen requirements for germination of aged chlamydospores.
